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1. SUMMARY OF PROGRESS 
During the  q u a r t e r l y  per iod,  t he  thermal equi l ibr ium model developed 
under t h e  c o n t r a c t  w a s  appl ied  t o  t h e  major t a s k  of t he  con t r ac t  - t h e  
problem of e s t ima t ing  the  l a t i t u d i n a l  v a r i a t i o n  of t h e  atmospheric tempera- 
t u r e  p r o f i l e  on Venus. Calcu la t ions  of temperature were performed f o r  
-3 
a mode1 atmosphere c o n s i s t i n g  of pure CO w i t h  a t r a c e ,  10 , of water  2 
vapor,  and a s u r f a c e  pressure  of 65 atm. The r e s u l t s  i n d i c a t e  a v a r i a -  
0 t i o n  of su r f ace  temperature from - 765 K a t  t h e  equator  t o  - 4 7 5 ' ~  a t  
80' l a t i t u d e .  On the  b a s i s  of t hese  c a l c u l a t i o n s ,  a v e r t i c a l  temperature 
c ros s - sec t ion  through the  Venusian atmosphere was prepared. This c r o s s  
s e c t i o n  enables  e s t ima t ion  of t h e  mean temperature between l a t i t u d e s  
0' and 80°, and between the  su r f ace  and 0.02 atmospheres. Comparisons 
between the  computed thermal equi l ibr ium temperature p r o f i l e s  t o  low 
l a t i t u d e s  a r e  i n  good agreement w i t h  the  temperature observa t ions  of 
Mariner 5 ,  and Venera 4 ,  5 ,  and 6. 
The thermal equi l ibr ium model was a l s o  used t o  eva lua t e  t he  sen- 
s i t i v i t y  of computed Venusian su r f ace  temperature t o  assumed su r f ace  
pressure  - a Venusian parameter t h a t  i s  s t i l l  unce r t a in .  The r e s u l t s  
i n d i c a t e  t h a t ,  w i t h  t he  assumed model atmosphere, t he  mean su r f ace  tem- 
0 0 pe ra tu re  would vary  from - 490 K t o  - 775 K a s  t h e  su r f ace  pressure  
changes from 10 atm t o  100 atm. To produce mean su r f ace  temperatures 
0 g r e a t e r  than 700 K r e q u i r e s  a su r f ace  pressure  > - 60 atm. 
Prel iminary c a l c u l a t i o n s  designed t o  eva lua t e  t h e  importance of 
d i u r n a l  temperature v a r i a t i o n s  i n d i c a t e  t h a t  they  a r e  n e g l i g i b l e  f o r  
t h e  lower atmosphere. 
The o the r  main t a s k  of t he  c u r r e n t  c o n t r a c t  - t h e  f i r s t  be ing  t h e  
temperature c l ima te  of Venus - i s  a meteorological  approach t o  t he  
problem of determining whether t he  Venusian clouds a r e  H 0 o r  no t .  2 
Some prel iminary ana lyses  of t h i s  problem were performed during t h e  
q u a r t e r l y  per iod.  Information on atmospheric composition, water  vapor 
con ten t ,  and temperature s t r u c t u r e  were reviewed. A prel iminary a s s e s s -  
ment, based upon t h e  microwave observa t ions  and theory,  and the  space- 
probe observa t ions ,  i n d i c a t e s  t h a t  H 0 clouds a r e  poss ib l e  i f  t he  H 0 2 2 
con ten t  on Venus i s  s i m i l a r  t o  t h a t  given by  t h e  Sovie t  spaceprobe 
observa t ions .  
2 .  THE TEMPERATURE CLIMATE OF VENUS 
2 . 1  In t roduc t ion  
During t h e  p a s t  q u a r t e r l y  per iod we have app l i ed  the  thermal 
equi l ibr ium model developed under t h e  con t r ac t  t o  t h e  problem of e s t i -  
mating t h e  l a t i t u d i n a l  v a r i a t i o n  of t he  atmospheric temperature p r o f i l e  
on Venus. I n  a d d i t i o n ,  w e  have inves t iga t ed  t h e  v a r i a t i o n  of temperature 
w i t h  a  v a r i a t i o n  i n  Venusian su r f ace  pressure ,  a  q u a n t i t y  t h a t  i s  s t i l l  
unce r t a in .  An we have performed some computations t o  e s t ima te  t he  importance 
of the  d iu rna l  v a r i a t i o n  of temperature on Venus. These inves t iga t ions  
a r e  a  cont inua t ion  of t h e  work r epor t ed  i n  tk p a s t  Q u a r t e r l y  Reports,  
which, f o r  the convenience of t h e  r eade r ,  i s  summarized below. 
The thermal equi l ibr ium model includes the  e f f e c t s  of r a d i a -  
t i o n  and convect ion i n  the establ ishment  of a  s teady  s t a t e  temperature 
p r o f i l e .  The r a d i a t i v e  processes  included i n  t he  model a r e  absorp t ion  
of s o l a r  r a d i a t i o n  by t h e  near i n f r a r e d  bands of water  vapor and carbon 
dioxide,  and emission of thermal r a d i a t i o n  by the i n f r a r e d  bands of 
carbon dioxide and water  vapor. The i n f r a r e d  t ransmiss ions  used i n  t he  
model a r e  taken from Bartko and Hanel (1968). The thermal equi l ibr ium 
p r o f i l e  i s  computed w i t h  an i t e r a t i v e  scheme. I n  a  number of expe r i -  
ments wi th  the  model we inves t iga t ed  fhe v a r i a t i o n  of t h e  mean tempera- 
t u r e  p r o f i l e  on Venus a s  a func t ion  of those input  parameters t h a t  a r e  
unce r t a in  a t  p re sen t ,  e . g . ,  t h e  water vapor mixing r a t i o  and the  carbon 
dioxide concent ra t ion .  The r e s u l t s  of these  c a l c u l a t i o n s  suggest t h a t  
- 3 
a model atmosphere w i t h  a water  vapor mixing r a t i o  of 10 , su r f ace  
p re s su re  - 65 atm, and a predominantly carbon dioxide atmosphere can 
0 
main ta in  t h e  su r f ace  temperature of - 700 K t h a t  i s  observed on Venus. 
The most unce r t a in  of t h e  above parameters is  the  water  vapor mixing 
r a t i o .  The va lue  i s  based upon d i r e c t  measurements by t h e  Sov ie t  
s p a c e c r a f t  Venus 4, 5 and 6 a t  middle l e v e l s  of t he  atmosphere - . 6  a t m  
- 5 t o  2 a t m .  Spectroscopic observa t ions  suggest  a va lue  of o rde r  10 
"above t h e  clouds". Since t h e  cloud-tops a r e  be l ieved  t o  be a t  a 
p re s su re  of only a few t e n t h s  of an  atmosphere, t he  spec t roscopic  obser -  
v a t i o n s  e n t e r  t o  a h igher  l e v e l  i n  t h e  atmosphere than  do t h e  space- 
c r a f t  observa t ions .  Thus, it i s  poss ib l e  t o  r e c o n c i l e  t he  f a c t o r  of 
2 10 d i f f e r e n c e  between spectroscopy and d i r e c t  measurements by assuming 
a drop i n  t h e  mixing r a t i o  w i th  a l t i t u d e .  I f  t h i s  i s  so ,  t h e  assumption 
of a mixing r a t i o  of f o r  f u r t h e r  c a l c u l a t i o n s  w i t h  the  thermal 
equ i l i b r ium model seems q u i t e  reasonable.  
_ I n - t h e  fol lowing s e c t i o n s  we d iscuss :  t he  r e s u l t s  ob ta ined  
from thermal equi l ibr ium c a l c u l a t i o n s  of t he  l a t i t u d i n a l  v a r i a t i o n  of 
temperature; t he  s e n s i t i v i t y  of computed temperature p r o f i l e s  t o  
assumed su r f ace  pressure ;  and the  d i u r n a l  v a r i a t i o n  of Venusian temper- 
a t u r e s .  
2.2 L a t i t u d i n a l  Var i a t ion  of Venusian Temperature 
To determine t h e  l a t i t u d i n a l  v a r i a t i o n  of Venusian tempera- 
t u r e s  w i t h  the  thermal equi l ibr ium model we must use t h e  average s o l a r  
input  f o r  each l a t i t u d e .  This is  a function of the  value of the  cosine 
of the  s o l a r  zen i th  angle averaged over a Venusian day. Observations 
ind ica te  t h a t  the  tilt of the  Vensuian ax i s  of r o t a t i o n  is only a few 
degrees a t  most; therefore ,  t o  determine the  average s o l a r  input ,  w e  
assume t h a t  the tilt is  zero degrees. With t h i s  assumption the  average 
value of the  cosine of t h e  s o l a r  zeni th  angle can be w r i t t e n  
-. 
cos y 
cos y dh 
dh 
where s i s  the  zeni th  angle and h is  t h e  s o l a r  horn angle (which i s  
equal  t o  0 at  noon and n/2 a t  sunset).  The f i r s t  t e r m  i n  the  brackets  
represents  the  average value of cos y during the  daytime and the  second 
t e r m  the  average value of cos y a t  night .  
I n  general ,  cos y f o r  a planet  can be w r i t t e n  a s  
cos y = s i n  4 s i n  6 + cos 4 cos 6 cos h 
where 4 i s  l a t i t u d e ,  and 6 is  the  s o l a r  declinat ion.  Since the  tilt o r  
i n c l i n a t i o n  of Venus i s  zero, 6 is zero a t  a l l  times. With 6 = 0, w e  have 
c s  y =PC" cos 4 cos h dh /n 
0 I 
cos y = (cos 4) /n 
Table 1 shows the latitudes for which we computed temperature 
profiles, the average values of cos y, and the values of y. 
Calculations of the temperature profile were performed at 
five latitudes - oO, 20°, 40°, 60' and 80'. For these computations, 
the model atmosphere and computational parameters listed in Table 2 
were assumed. 
The results of the calculations are plotted in Figure 1 in 
the form of vertical temperature profiles. Also indicated in Figure 1 
are temperatures observed by Venus 4 (Mikhnevich and Sokolov, 1969), 
Venus 5 and 6 (Icarus, 1969) and Mariner 5 (Sagan and Pollack, 1969). 
The thermal equilibrium calculations do not include the effects of 
latitudinal transport of heat. Since the effect of such latitudinal 
transport is a transfer of heat from equatorial to polar latitudes, 
the computed temperatures probably overestimate somewhat the equatorial 
region temperatures and underestimate the high latitude temperatures. 
If diurnal variations are small, the computed temperatures should be 
representative of any part of the diurnal cycle on Venus. If diurnal 
variations are large, these temperatures represent mean daily temperature 
0 
The computed surface temperature varies from 764 K at the 
0 
equator to 477 K at 80' latitude. Well over half of the planet (up to 
0 40+ degrees of latitude) has a surface temperature greater than 700 K. 
TABLE I 
@ (O) cos @ cos y Y (O) y (Radians) 

The computed p r o f i l e s  a r e  a d i a b a t i c  up t o  a pressure  l e v e l  of about 0 . 1  atm. 
0 The l a t i t u d i n a l  g rad ien t  of temperature between the  equator  and 80 v a r i e s  
0 0 from 287 K a t  t he  su r f ace  t o  about 80 K a t  a pressure  of 0 . 1  atm. 
It i s  of  i n t e r e s t  t o  compare the  computed p r o f i l e s  t o  t he  
observed temperatures .  To make such a comparison, one should know t h e  
l a t i t u d e s  t o  which t h e  observed temperatures r e f e r .  For Mariner 5 ,  
0 
t h e  d a t a  r e f e r  t o  l a t i t u d e  37 and f o r  Venus 4 ,  t o  t h e  equator .  The 
i n i t i a l  Sovie t  r e l e a s e s ' o n  Venus 5 and 6 d id  no t  i n d i c a t e  t he  l a t i t u d e s  
of t h e  observa t ions .  The Mariner 5 observa t ions  appear t o  agree b e s t  
0 
w i t h  the  t h e o r e t i c a l  curves of 0 and 20' l a t i t u d e ;  t he  Venus 4 po in t s  
0 
appear t o  agree  b e s t  w i t h  t h e  40 curve;  and t h e  Venus 5 and 6 po in t s  
0 
t o  t he  t h e o r e t i c a l  curves of 0 , 20' and 40°, sugges t ing  t h a t  t h e  Venus 5 
and 6 observa t ions  were made a t  a low l a t i t u d e .  General ly  speaking, 
t he  agreement between observed and computed temperatures  is  very good 
except  a t  h igh  l e v e l s  where the  Mariner 5 temperatures a r e  higher  than  
t h e  t h e o r e t i c a l  c a l c u l a t i o n s .  This i s  probably due t o  too  much water 
vapor i n  t h e  upper l e v e l s  of t h e  t h e o r e t i c a l  model, which would tend t o  
coo l  t h i s  reg ion  by i n f r a r e d  emission. 
The r e s u l t s  of t hese  l a t i t u d i n a l  computations a r e  shown i n  a 
d i f f e r e n t  way i n  F igure  2 .  Figure 2 i s  a v e r t i c a l  c ros s - sec t ion  through 
0 
t h e  atmosphere of Venus extending from t h e  equator  t o  80 l a t i t u d e  and 
from the  su r f ace  t o  0.02 atm pressure .  Shown on t h i s  v e r t i c a l  c r o s s -  
s e c t i o n  a r e  i s o p l e t h s  of temperature drawn on the  b a s i s  of t he  computed 
LATITUDE (deg) 
thermal equi l ibr ium temperature p r o f i l e s  a t  the  f i v e  l a t i t u d e s ,  oO, 
20°, 40°, 60' and 80°. This c ros s - sec t ion  permits  e s t ima t ion  of 
temperature on Venus f o r  any l a t i t u d e  and he igh t  w i t h i n  the  range covered. 
However, i t  must be emphasized t h a t  t he  e f f e c t  of l a t i t u d i n a l  h e a t  t r a n s -  
p o r t  i s  not  included i n  t he  c ross -sec t ion .  Thus, a c o r r e c t i o n  t o  the  
computed temperature i s  requi red .  This c o r r e c t i o n  i s  p o s i t i v e  and 
probably l a r g e  a t  h igh  l a t i t u d e s ,  nega t ive  and probably small  a t  low 
l a t i t u d e s ,  and c l o s e  t o  ze ro  a t  middle l a t i t u d e s .  
2.3 S e n s i t i v i t y  of Computed Temperatures t o  Assumed Surface Pressure  
The average su r f ace  pressure  on Venus i s  s t i l l  unce r t a in  by 
perhaps a f a c t o r  of 2 .  The Venus 5 and 6 observa t ions  ind ica t ed  su r f ace  
pressures  of 60 a t m  and 140 atm ( I ca rus ,  1969). These a r e  based on 
a d i a b a t i c  e x t r a p o l a t i o n  of t h e  temperature p r o f i l e  t o  t h e  su r f ace  from 
t h e  last recorded po in t s  of t he  two spacec ra f t  a t  about 27 atm. A t  t h i s  
l e v e l  t h e  a l t i m e t e r  of Venus 5 ind ica t ed  a n  a l t i t u d e  of 78,700 t o  85,300 f t ,  
while  Venus 6 ind ica t ed  32,800 t o  39,400 f t  (Aviat ion Week, 1969). W e  
have performed c a l c u l a t i o n s  of thermal equi l ibr ium temperature p r o f i l e s  
f o r  a range of assumed s u r f a c e  pressures .  A l l  c a l c u l a t i o n s  a r e  f o r  mean 
s o l a r  i n s o l a t i o n  condi t ions  and f o r  t he  model atmosphere parameters l i s t e d  
i n  Table 2.  The r e s u l t s  a r e  p l o t t e d  i n  Figure 3.  
These computations i n d i c a t e  t h a t  t he  su r f ace  temperature v a r i e s  
from 4.90'~ t o  775OK a s  the  su r f ace  pressure  i s  changed from 10 atm t o  100 atm. 
Table 2 
Model Atmosphere and Computational Parameters 
For Thermal Equilibrium Calculations Of 
Latitudinal Variations of Temperature on Venus 
Surface Pressure 65 atm 
CO Concentration 2 
H20 Mixing Ratio 
Planetary Albedo 0.73 
Convective Lapse -Rate (Adiabatic) 9Oc /km 
Number of Layers 10 
Convergence Criterion, E 0.2% 

0 The computations suggest  t h a t  temperatures of 700 K o r  more r e q u i r e  a 
su r f ace  pressure  > - 60 atm, w i th  the  assumed model atmosphere, The 
computed su r f ace  temperatures a r e  i n  agreement wi th  those ex t r apo la t ed  
f o r  Venus 5 ( 8 0 3 ~ ~  a t  po of 140 atm) and Venus 6 (673O~ a t  po of 60 atm). 
It i s  obvious from t h e  diagram t h a t  t h e  s u r f a c e  pressure  o r i g i n a l l y  
r epo r t ed  f o r  Venus 4 - 20 atm - produces too smal l  a greenhouse e f f e c t  
0 t o  permit t h e  su r f ace  temperatures of - 700 K t h a t  a r e  observed on Venus. 
2.4 Importance of Diurnal Temperature Var i a t ion  on Venus 
As shown by Goody (1969), i f  a l l  of t he  s o l a r  energy a v a i l -  
a b l e  f o r  Venus i s  deposi ted i n  i t s  atmosphere, an average inc rease  of 
0 
only  2 C would occur during a day. This va lue  is  comparable t o  t h a t  
ob ta ined  f o r  t he  Ear th ,  and suggests  t h a t  d i u r n a l  v a r i a t i o n s  of atmos- 
phe r i c  temperature on Venus a r e  smal l .  A s i m i l a r  c a l c u l a t i o n  f o r  Mars 
y i e l d s  80°c, sugges t ing  l a r g e  d i u r n a l  temperature changes i n  t he  Mart ian 
atmosphere 
Another approach t o  t h e  problem of e s t ima t ing  t h e  d i u r n a l  
range of atmospheric temperature i s  t o  compute t h e  i n f r a r e d  cool ing  r a t e  
of the  atmosphere f o r  nightime condi t ions ,  i . e . ,  no s u n l i g h t .  This  
coo l ing  r a t e  can  then  be used t o  o b t a i n  an  order  of magnitude e s t ima te  
of t h e  cool ing  of the atmosphere during the  long Venusian n i g h t .  We 
have performed such a c a l c u l a t i o n  u t i l i z i n g  the  model atmosphere of 
0 Table 2 ,  and assuming a su r f ace  temperature of 700 K wi th  a d i a b a t i c  
temperature decrease w i t h  a l t i t u d e .  This computation i n d i c a t e s  t h a t  t h e  
-2 0 
atmosphere cools  a t  an average r a t e  of 1 .7  x 10 C f o r  Ear th  day. 
Since the  Venusian n i g h t  i s  about 60 Earth-days long,  t h i s  would mean 
0 
an  average decrease of 1 C dur ing  t h e  long Venusian n i g h t .  The compu- 
t a t i o n s  i n d i c a t e  a l a r g e  v a r i a t i o n  of t he  cool ing  r a t e  w i th  a l t i t u d e  
from va lues  of t he  order  1 0 - ~ 0 ~ / E a r t h  day near t he  su r f ace  t o  values of 
t h e  order  1 ° c / ~ a r t h  day a t  p re s su re  l e v e l s  of t he  order  t e n t h s  of an 
atmosphere. This  suggests  t h a t  temperatures i n  the  lower atmosphere 
of Venus should no t  change d i u r n a l l y ,  whi le  temperatures i n  t he  upper 
atmosphere - pressure  l e v e l s  l e s s  than 1 atmosphere - could undergo 
r e l a t i v e l y  l a r g e  d i u r n a l  changes. 
A s i m i l a r  computation f o r  Ear th ,  us ing  a model atmosphere 
w i t h  4.5 x by weight of C 0 2  3 x mixing r a t i o  of H 0,  and 2 
0 
su r f ace  temperature of 300 K w i t h  l a p s e - r a t e  of 0 .6 t imes the  a d i a b a t i c ,  
0 y i e l d s  an  average cool ing  r a t e  of 0 . 6   day. I f  t h i s  r a t e  preva i led  
dur ing  a n  average n igh t  of 12 hours on Earth,  t h e  average atmospheric 
0 temperature would decrease by 0 .3  C .  These va lues  a r e  t h e  c o r r e c t  
o rde r  of magnitude f o r  Earth,  where the  d i runa l  v a r i a t i o n  of temperature,  
0 
al though important a t  the  su r f ace  - of order  10 C - damps out  t o  about 
ze ro  a t  a he igh t  of one ki lometer .  Thus, t h e  average observed va lue  f o r  
t he  e n t i r e  atmosphere would be of t he  o rde r  of t en ths  of a degree.  A 
s i m i l a r  computation w i l l  be performed f o r  Mars. 
The r e s u l t s  thus f a r  i n d i c a t e  t h a t  d i u r n a l  changes of atmospheric 
temperature should be small  i n  t he  Venusian atmosphere wi th  t h e  poss ib l e  
except ion of t h e  upper atmosphere. These r e s u l t s  apply t o  t he  atmosphere 
i n  genera l .  It i s  poss ib le  f o r  a su r f ace  boundary l a y e r  t o  undergo 
l a r g e r  temperature v a r i a t i o n s .  However, t h i s  apparent ly  does not  occur 
t o  any g r e a t  e x t e n t  on Venus (Goody, 1969). 
3. ARE THE CLOUDS OF VENUS COMPOSED OF H2g? 
3 . 1  In t roduc t ion  
The composition of t h e  clouds of Venus i s  p r e s e n t l y  unknown. 
One hypothesis  i s  t h a t  the  Venusian clouds a r e  water ( i c e )  c louds.  From 
a meteorological  po in t  of view, a n  assessment of t h i s  hypothesis  is  
q u i t e  simple. One has only t o  compare t h e  a c t u a l  water  vapor concentra-  
t i o n  i n  an atmospheric l a y e r  w i th  the  water  vapor concent ra t ion  r equ i r ed  
f o r  s a t u r a t i o n .  I f  t he  atmospheric l a y e r  i s  s a t u r a t e d ,  then  any clouds 
i n  t he  l a y e r  a r e  water  o r  i c e  clouds.  I f  t h e  atmospheric l a y e r  i s  n o t  
s a t u r a t e d ,  then  any clouds i n  t he  l a y e r  a r e  not  composed of H 0. The 2 
on ly  o b s t a c l e  t o  t h i s  simple assessment scheme i s  the  u n c e r t a i n t y  i n  
t h e  two q u a n t i t i e s  r equ i r ed  f o r  t h e  eva lua t ion  - t he  a c t u a l  water  vapor 
concen t r a t ion  and the  s a t u r a t i o n  water  vapor concent ra t ion .  We have 
s t a r t e d  such an  assessment.  I n  t h i s  s e c t i o n  we review the  space probe 
observa t ions ,  which provide information on composition, temperature 
s t r u c t u r e ,  and water  vapor content  and t h e  i n f r a r e d  and microwave 
observa t ions ,  which provide information on water vapor. Making uee of 
t h e  microwave observa t ions  and t h e  space probe observa t ions ,  we perform 
a prel iminary assessment of the  hypothes is  of water c louds.  The r e s u l t s  
i n d i c a t e  t h a t  water  clouds a r e  poss ib l e  i f  t he  water vapor content  on Venus 
i s  s i m i l a r  t o  t h a t  given by the  Russian spaceprobe observa t ions ,  
3 .2  Resul t s  From Mariner 5 
Mariner 5 flew p a s t  Venus on 19 October 1967. It passed 
behind Venus a s  seen  from t h e  Ear th ,  and reappeared on the  o the r  s i d e .  
This permit ted probing t h e  upper atmosphere by measuring the  i n t e n s i t y  
and phase changes i n  r a d i o  s i g n a l s  a t  49.8 and 423.3 MHz, and i n  t he  
S-band. This probe passed behind Venus on t h e  n i g h t  s i d e  a t  a l a t i t u d e  
of 37' no r th  and s o l a r  z e n i t h  angle  142.3'. It reappeared on t h e  s u n l i t  
s i d e  a t  a l a t i t u d e  of 32.4 south and s o l a r  z e n i t h  angle 33.3'. K l io re ,  
e t  a1 (1967) presented  the  r e s u l t s  of t he  S-band r a d i o  s i g n a l  and Fje ldbo  
and Eshleman (1969) have analyzed t h e  da t a  obta ined  from the  lower 
f requencies .  The Mariner S tanford  Group (1967) s t a t e  t h a t  the  S-band 
r e s u l t s  a r e  more r e l i a b l e ,  and these  have been used i n  a l l  t h e o r e t i c a l  
papers.  The r a d i o  r e s u l t s  y i e l d  only s c a l e  h e i g h t s  o r  t he  r a t i o  of 
temperature t o  molecular mass d i r e c t l y .  I n  o rde r  t o  compute pressure  
and temperature,  t h e  atmospheric composition must be s p e c i f i e d .  K l io re ,  
e t  a1 (1967) g ive  curves which i n t e r p r e t  t h e  S-band d a t a  on the  b a s i s  of 
atmospheres conta in ing  75 and 90 percent  CO Fjeldbo and Eshleman (1969) 2 ' 
i n t e r p r e t  t h e  lower frequency d a t a  on t h e  b a s i s  of 85 and 100 percent  C 0 2 .  
I n  a l l  ca ses ,  t h e  remaining atmospheric c o n s t i t u e n t  is  assumed t o  be N 2 ' 
Of cons iderable  i n t r e s t  a r e  t h e  t h e o r e t i c a l  i n t e r p r e t a t i o n s  which combine 
the  Mariner 5 r e s u l t s  w i th  those of t he  Venera 4 probe. 
3 . 3  Resul t s  From Veneras 4 ,  5 ,  and 6 
Venera 4 landed on Venus on 18 October 1967, a day before  t h e  
Mariner 5 Fly-By, s l i g h t l y  no r th  of t he  equator  and near  the  dawn t e r -  
minator on the  n i g h t  s i d e .  Avdvevsky, Marou and Rozhdestvensky (1968) 
have d iscussed  t h e  measurements of temperature,  p ressure  and dens i ty  
and Vinogradov, Surkov and Florgnsky (1968) r epo r t ed  the  r e s u l t s  of 
chemical composition de termina t ions .  The l a t t e r  a r e  of v i t a l  importance 
i n  i n t e r p r e t i n g  o t h e r  observa t ions  of Venus. Data were recorded down 
t o  a pressure  depth of about 20 atmospheres and a temperature of 540 K. 
By matching the  Mariner 5 and Venera 4 d a t a  a t  a pressure  of about 5 
atmospheres and e x t r a p o l a t i n g  below 20 atmospheres a d i a b a t i c a l l y ,  a 
good model can be cons t ruc ted  f o r  t he  Venus atmosphere. 
Veneras 5 and 6 landed on Venus on 16  and 17  May 1969 on t h e  
n i g h t  s ide .  The only  r e p o r t s  a v a i l a b l e  a t  p resent  a r e  those of t h e  
Sovie t  r a d i o  and Tass r e p o r t s  i n  I z v e s t i y a  (Tass, 1969). Improved 
chemical determinat ions were made and pressure  and temperature d e t e r -  
mined a t  lower a l t i t u d e s  by Venera 4.  Table 3 summarizes t h e s e  measure- 
ments, F igure  4 shows poss ib l e  ranges of water  vapor concent ra t ion  a s  
determined by t h e  Russian probes. The probable water  vapor content  of  
t he  lower atmosphere is  between 0 .1  and 0 .2  percent .  
3.4 Theore t i ca l  Analyses of Venus Probe Measurements 
Hunten and Goody (1969) have summarized t h e  s t a t e  of c u r r e n t  
knowledge of the  Venus atmosphere. F igure  5 shows t h e i r  composite model 
of the  Venus atmosphere, which i s  i n  agreement w i t h  a11 o the r  c u r r e n t  
models. This paper i t s e l f  i s  an  adequate summary of what is  known w i t h  
c e r t a i n t y  of t h e  lower po r t ion  (below t h e  clouds)  of the  Venus atmosphere. 
The remainder of t h i s  r e p o r t  t akes  a c l o s e r  look a t  t h e  microwave observa t ions  
A. Venera 4 
P - 550 mm 
T - 300 + 10K 
Table 3 
Resul t s  from Veneras 4 ,  5 and 6 
B. Venera 5 and 6 
0.6 a t m  IH,OI 
0 .5 atm, T - 300 K 
27 atm, T - 595 K 
Venera 5,  s u r f a c e  - 675 K, 60 atm 
Venera 6,  su r f ace  - 800 K, 140 atm 

FIGURE 5, Venus atmospheric temperature profile (Hunter and Goody, 1969) ,  
and t h e  information t h a t  t hey  may provide on t h e  water  vapor con ten t .  
A b r i e f  look a t  whether water  vapor clouds a r e  poss ib l e ,  i n  t h e  l i g h t  
of  c u r r e n t  knowledge concludes i t .  
3.5 Spectroscopic S tud ie s  
Schorn e t  a 1  (1969) have r epor t ed  observa t ions  of Venus i n  
t h e  i n f r a r e d ,  i n  which water  vapor l i n e s  were observed. The abundance 
v a r i e s  markedly wi th  t ime, by a f a c t o r  of a t  l e a s t  2 o r  3 .  There i s  
i n  a d d i t i o n  an uneven d i s t r i b u t i o n  over t he  p l ane ta ry  d i sk ,  which i t s e l f  
may be v a r i a b l e .  They summarize e a r l i e r  measurements, a s  given below. 
It i s  t o  be noted t h a t  t hese  observa t ions  i n d i c a t e  water  vapor mixing 
r a t i o s  of order  and t h a t  they  r e f e r  t o  t h e  r eg ion  of the  atmosphere 
i n  and above the  clouds.  
3 . 6  Resul t s  From Microwave Spectroscopy 
Microwave spectroscopy i s  a va luable  t o o l  i n  t he  s tudy  of 
p l ane t a ry  atmospheres. It i s  p a r t i c u l a r  importance i n  t h e  s tudy  of t h e  
atmosphere of Venus because only microwave f requencies  of t h e  e l e c t r o -  
magnetic spectrum a r e  capable of probing through t h e  cloud cover and 
dense atmosphere t o  t he  su r f ace .  It was ear th-based microwave observa-  
t i o n s  t h a t  f i r s t  revea led  t h e  h igh  su r f ace  temperature and provided 
s t r o n g  evidence f o r  a su r f ace  pressure  of 20 atmospheres o r  g r e a t e r .  
T a b l e  4 
E s t i m a t e s  of H 0 Abundance i n  a V e r t i c a l  Column 2 
"Above t h e  Clouds" o f  Venus (Schorn e t  a l ,  1969) 
Band (s) 
Date i S h i f t  (PI Amount Observers  
Jan.  21-22, 1963 
Feb. 21, 1964 
A p r i l  28, 1963 
A p r i l  29, 1964 
Nov. 17,  1964 
Nov., 1965 
May, 1966 
June-Ju ly ,  1966 
A p r i l ,  1967 
May 24, 1967 
J u n e  11, 1967 
Apr i l - June ,  1967 
















D o l l f u s  (1965) 
S t r o n g  (1965) 
Sp inrad  and Shawl (1966) 
Sp inrad  and Shawl (1966) 
Sp inrad  and Shawl (1966) 
Be l ton  and Hunten (1966) 
B e l t o n  and Hunten (1966) 




Th is  paper 
Th is  paper  
Kuiper (1968) 
J u s t  a s  i n  the  case  of t h e  Mariner 5 observa t ions  of t h e  upper 
atmosphere, a reasonable model w i th  good information on the  chemical 
composition i s  requi red  t o  o b t a i n  a n  adequate i n t e r p r e t a t i o n  of t h e  micro- 
wave observa t ions .  This may be i l l u s t r a t e d  by a b r i e f  review of t he  
more s i g n i f i c a n t  papers which have g iven  i n t e r p r e t a t i o n s  of observa- 
t i o n s ,  beginning wi th  B a r r e t t  (1961). A t  t he  time of t h i s  paper,  on ly  
a smal l  amount of experimental d a t a  was a v a i l a b l e ,  i n  t he  form of micro- 
wave b r igh tnes s  temperatures near  wavelengths of 0 .8 ,  3 and 10 cm wave- 
l eng ths .  CO was known t o  be an  important c o n s t i t u e n t  of t h e  atmosphere 2 
and s t r o n g  (1960) had de tec ted  water  vapor above the  clouds.  There was 
s t i l l  argument a s  t o  whether t h e  microwave measurements o r i g i n a t e d  from 
a h o t  s u r f a c e  o r  from trapped corpuscular  r a d i a t i o n .  
B a r r e t t  assumed t h a t  t he  measurements i n  t he  r eg ion  of 10 
cent imeters  o r i g i n a t e d  from the  s u r f a c e  wi th  only small  absorp t ion  by 
the  atmosphere a t  3 cm. This f i x e d  h i s  assumed su r f ace  temperature a t  
5 8 0 . ~ .  He then  inves t iga t ed  t h e  s u r f a c e  pressure  of atmospheres con- 
t a i n i n g  75 percent  C 0 2  and 0, 1 and 3 percent  water  vapor w i th  t h e  
remaining c o n s t i t u e n t  assumed t o  be n i t rogen .  Using an  a d i a b a t i c  tem- 
pera ture-he ight  r e l a t i o n ,  su r f ace  pressures  a s  h igh  a s  30 atmospheres 
permit ted a cloud top  pressure  of one atmosphere o r  l e s s ,  assuming a 
cloud temperature of about 285 K. Absorption by the  atmosphere was 
assumed t o  be due t o  pressure  induced absorp t ion  by C 0 2  and resonant  
abso rp t ion  by t h e  microwave r o t a t i o n a l  l i n e s  of water  vapor.  The r e s u l t  
of t he  computations was t h a t  a dry atmosphere appeared t o  r e q u i r e  a 
su r f ace  pressure  of c l o s e  t o  30 atmospheres and t h a t  the  pressure  could 
be reduced t o  10 atmospheres w i th  3 percent  water vapor. Pronounced 
absorp t ion  by water  vapor was predic ted  a t  1.35 cm. B a r r e t t  noted 
t h a t  an a l l  CO atmosphere would r e q u i r e  su r f ace  pressures  h igher  t han  2 
30 atmospheres, and even then t h e r e  would be d i f f i c u l t y  i n  expla in ing  
the  high su r f ace  temperature by the  greenhouse e f f e c t .  The p o s s i b i l i t y  
of d e t e c t i n g  o the r  molecules such a s  C O Y  02 ,  NO and N20 by microwave 
absorp t ion  was noted. 
By 1964, many more measurements had been made and spec t roscopic  
s t u d i e s  i n  t he  i n f r a r e d  appeared t o  i n d i c a t e  t h a t  t h e  GO content  was 2 
on ly  5 t o  15 percent ,  according t o  Kaplan (1961) and Spinrad (1962). 
B a r r e t t  and S t a e l i n  (1964) reviewed t h e  experimental  and t h e o r e t i c a l  
work done up t o  t h a t  time and presented computations f o r :  10 percent  
CO atmospheres w i t h  su r f ace  pressures  up t o  1000 atmospheres; dus t  2 
p a r t i c l e s  suspended i n  atmospheres; a t t e n u a t i n g  c louds ;  and f o r  water  
vapor i n  equi l ibr ium w i t h  water  d r o p l e t s .  By t h i s  t ime, improved 
experimental  r e s u l t s  f o r  pressure  induced absorp t ion  i n  mixtures of CO 2 
and N were a v a i l a b l e  from the  work of Thaddeus and Ho (1963), and Chung 2 
(1962) had derived a b e t t e r  t h e o r e t i c a l  express ion  f o r  the  water  vapor 
absorp t ion  and f i t t e d  i t s  parameters t o  experimental  absorp t ion  measure- 
ments. The r e s u l t i n g  C02-N2 atmospheres requi red  su r f ace  pressures  of  
200 t o  300 atmospheres t o  f i t  t he  microwave observa t ions ,  and agreement 
was approximate only.  F a i r  agreement was a l s o  obtained wi th  the  dus t  
model us ing  appropr i a t e  p a r t i c l e  s i z e s  and d e n s i t i e s  of 10 t o  100 g/m 3 
a t  t h e  su r f ace .  Be t t e r  agreement was obta ined  w i t h  cloud models w i t h  
abso rp t ion  vary ing  a s  t he  square of t h e  frequency. Liquid water  c louds 
i n  equi l ibr ium wi th  vapor a l s o  gave f a i r  agreement wi th  observa t ions .  
B a r r e t t  and S t a e l i n  noted t h a t  t h i s  l a s t  model l i m i t e d  the  su r f ace  pres-  
s u r e  t o  a few atmospheres a t  most, w i t h  consequent d i f f i c u l t y  i n  exp la in ing  
the  su r f ace  temperature.  
I n  1966, Ho, Kaufman and Thaddeus r epo r t ed  experimental 
de te rmina t ions  of pressure  induced microwave absorp t ion  of mixtures of  
GO2, N2,  A and Ne a t  temperatures up t o  500 K and pressures  up t o  130 atm. 
Using these  experimental  r e s u l t s  and making appropr i a t e  e x t r a p o l a t i o n s ,  
t h e y w e r e  a b l e  t o  f i t  observed microwave s p e c t r a  w i th  a dry model atmos- 
pheres  composed of N o r  Ne and CO w i t h  s u r f a c e  temperature 675 K. 2 2 
Surface pressures  va r i ed  from about 20 atmospheres f o r  a pure CO model 2 
t o  over 500 atmospheres f o r  l e s s  than  10 percent  C02. Agreement was 
a l s o  poss ib l e  w i t h  a n  N2 - H 0 atmosphere wi th  water  vapor content  up 2 
t o  1 percent .  This  l a s t  c a l c u l a t i o n  neglec ted  any resonance e f f e c t s  
nea r  1.35 cm wavelength. The main conclusions reached were t h a t  an 
N2 - CO atmosphere wi th  an  a d i a b a t i c  l apse  r a t e  would r e q u i r e  a s u r f a c e  2 
pressure  of 100 t o  300 atmospheres and t h a t  water  vapor alone would have 
t o  be s e v e r a l  o rde r s  of magnitude more abundant than  i n f r a r e d  spec t ro -  
scopy r e s u l t s  ind ica ted .  
The most complete d iscuss ions  of t h e  impl ica t ions  of microwave 
observa t ions  on s u r f a c e  temperature and water  vapor content  of t he  Venus 
atmosphere a r e  given by Pol lack  and Wood (1968) and Wood, Wabon and 
Pol lack  (1968). Thei r  work made use  of t he  Mariner 5 and Venera 4 tem- 
pe ra tu re  measurements and t h e  Venera 4 composition measurement. I n  
t h e  water  vapor atmospheres w i th  50, 85, and 99 percent  CO woth 0.5 2 
percent  water vapor were considered.  I n  t h e  former, an  atmosphere wi th  
85 percent  C02 and water  vapor amounts up t o  3 percent  were considered.  
The models assumed a n  a d i a b a t i c  temperature from t h e  su r f ace  up t o  t h e  
400 K l e v e l  f o r  t h e  h igh  C 0 2  models and up 378 K f o r  t he  50 percent  C 0 2  
model. Above t h i s  a l t i t u d e  were f i v e  l a y e r s ,  each wi th  a cons tan t  
l a p s e  r a t e  and a t  t he  t o p  an isothermal  reg ion .  The atmospheres were 
i n t e g r a t e d  downward, a l lowing f o r  dev ia t ions  from the  i d e a l  gas law, t o  
two d i f f e r e n t  assumed su r f aces :  one corresponding t o  t he  Venera 4 measure- 
ment and one corresponing t o  t he  r ada r  r ad ius .  F i r s t ,  the  r ada r  measure- 
ments near  3 cm wavelength were examined, us ing  t h e  d a t a  of P e t t i n g i l l  
e t  a1 (1967) and Karp, e t  a1 (1964). Best comparisons were obtained 
w i t h  models inc luding  s e v e r a l  t en ths  of a percent  of water  vapor,  the  
d ry  atmospheres g iv ing  r a d a r  r e f l e c t a n c e s  t h a t  a r e  too  high.  None of 
t h e  moist Venera 4 atmospheres gave reasonable r e s u l t s .  Then microwave 
b r igh tnes s  temperatures  were computed. The Venera 4 su r f ace  measurements 
f a i l e d  t o  match observa t ions  a t  wavelengths longer  than 2 cm. The exam- 
i n a t i o n  of t he  e f f e c t s  of varying amounts of water  vapor suggest  an  
upper l i m i t  of 0 . 8  percent  on moisture content .  
Po l l ack  and Wood (1968), us ing  an atmosphere wibh su r f ace  tem- 
pe ra tu re  747 K and s u r f a c e  pressure  91.2 atmospheres, composed of 85 
percent  C02 computed t h e  microwave b r igh tnes s  temperature between 0 . 1  
and 10 cm wavelengths f o r  water vapor content  between 0 and 3%. Com- 
pa r ing  t h e  r e s u l t s  of t h i s  computation w i t h  the  d a t a  t abu la t ed  by Dickel 
(1967) they  were a b l e  t o  s t a t e  t h a t  water  vapor concent ra t ions  i n  t h e  
lower atmosphere must be l e s s  than  0.8 percent .  It is  poss ib l e  however 
t o  improve t h e i r  r e s u l t s  wi th  some s t a t i s t i c a l  arguments. 
Using t h e  observa t ions  t a b u l a t e d  i n  Table 5,  upper and lower 
l i m i t  temperatures were p lo t t ed .  The upper and lower l i m i t s  of t h e  
d a t a  of S t a e l i n  and B a r r e t t  (1966) were joined by s t r a i g h t  l i n e  segments. 
The same was done f o r  t h e  d a t a  of Welch and Thornton (1965). This g ives  
a v i s u a l  e s t ima te  of t he  genera l  t r e n d  of sys temat ic  d i f f e r ences  between 
t h e  work of two groups. Using the  o the r  upper and lower l i m i t  po in t s  
a s  a f u r t h e r  guide,  a smooth curve was drawn between 0.85 and 1 . 6  cm, 
keeping v e r t i c a l  dev ia t ions  t o  a minimum. The r e s u l t i n g  curve is  shown 
i n  Figure 6. An a lgor i tam due t o  Reinsch (1967) i s  a v a i l a b l e  f o r  t he  
same s o r t  of curve drawing and a more r igorous  approach is  poss ib l e ,  b u t  
t he  ana lys i s  he re  should be adequate f o r  the present  purposes. 
For most of i t s  length ,  t h e  observed b r igh tnes s  temperature 
curve i n  F igure  6 l i e s  between t h e  0 .1  and 0.3 percent  curves computed 
by Pol lack  and Wood (1968). It c ros ses  t he  0 .3  percent  curve a t  about 
0 .9  cm i n  the  d i r e c t i o n  of increas ing  moisture and c ros ses  t h e  0 . 1  
Table 5 
Microwave Brightness  Temperatures of Venus 
Wavelength, c m  Temperature, K Reference 
Thornton and Welch (1964) 
Welch and Thornton (1965) 
Lynn, Meeks and Sohigan (1964) 
Gibson (1963) 
Copeland and Tyler  (1964) 
To lbe r t  and S t r a t t o n  (1964) 
S t a e l i n  and B a r r e t t  (1966) 
Welch and Thornton (1965) 
S t a e l i n  and B a r r e t t  (1966) 
Welch and Thornton (1965) 
S t a e l i n ,  B a r r e t t  and Kusse (1966) 
S t a e l i n  and B a r r e t t  (1966) 
Welch and Thornton (1965) 
S t a e l i n  and B a r r e t t  (1966) 
S t a e l i n  and B a r r e t t  (1966) 
Gibson and Corbet t  (1963) 
Gr i f f  i t h ,  Thornton and Welch (1967) 
Gibson and Corbe t t  (1965) 
Gr i f f  i t h ,  Thornton and Welch (1967) 
Law and S t a e l i n  (1968, quoted by Pol lack  and Wood (1968) 
S t a e l i n  and B a r r e t t  (1966) 
Welch and Thornton (1965) 
Welch and Thornton (1965) 
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FIGURE 6. Venusian brightness temperatures based upon observations liseed 
in Table 5 ,  The curve through the d a m  attempts to keep vertical 
deviations to a minimum. 
percent  l i n e  a t  about  1 .5  cm i n  the  d i r e c t i o n  of decreasing moisture.  
Pol lack  and Wood (1968) t a b u l a t e  b r igh tnes s  temperatures  a t  1 .0  and 1 , 4  
cm f o r  water vapor content  between 0 and 3 percent .  Using graphica l  
i n t e r p o l a t i o n ,  t h e  b r igh tnes s  temperatures from Figure  6 r e s u l t  i n  
moisture content  of 0.18 and 0.16 percent  at 1 .0  and 1 . 4  cm wavelength 
r e s p e c t i v e l y .  
The p r e s e n t l y  a v a i l a b l e  microwave d a t a  t rend  t o  r e l a t i v e l y  
h igh  moisture content  below 1 . 0  cm wavelength and between 2 and 5 cm. 
The t r end  is  t o  lower moisture content  between 1 and 2 cm. These d a t a  
do show t h e  presence of water  vapor.  The microwave d a t a  i n d i c a t e  
a Venus atmosphere water  vapor content  of about 0.15 percent ,  w i th  
probable upper and lower l i m i t s  of 0.30 and 0.05 per  c e n t .  
This conclusion i s  of course based on the  assumption t h a t  t h e  
model used by Pol lack  and Wood is  v a l i d .  Their model used he re  assumes 
a n  85 percent  C 0 2  composition. The r e s u l t s  of Wood, Wattson and Pol lack  
(1968) us ing  C02 concent ra t ions  between 50 and 99 percent  i n d i c a t e  t h a t  
a g r e a t e r  C02 content  (which i s  more probable from the  Venera 5 and 6 
measurements) r e s u l t s  i n  a h igher  b r igh tnes s  temperature f o r  a given 
water  vapor content .  This e f f e c t ,  which cannot be q u a n t i t a t i v e l y  eva lua ted  
w i t h  t h e  information a v a i l a b l e  from t h e  two papers,  w i l l  i nc rease  the  
es t imated  moisture content  s l i g h t l y .  Somewhat more s e r i o u s  a r e  the  
e f f e c t s  of e r r o r  i n  t he  s u r f a c e  emis s iv i ty  values and tk treatment  
of the  water vapor resonant  absorp t ion  a t  1.35 cm wavelength. 
Using t h e  composite model atmosphere given by Huntton and 
~ o o d y  (1969) which i s  based on the  Mariner 5 and Venera 4 d a t a ,  t he  par -  
t i a l  p ressure  of wa te r  vapor a t  t h e  condensation poin t  was determilled 
as a func t ion  of a l t i t u d e .  This curve i s  shown i n  Figure 7, t oge the r  
w i t h  t h e  p a r t i a l  p ressures  corresponding t o  0 .1  and 0.2 percent  water  
vapor.  A t  these  a l t i t u d e s ,  the  temperature i s  such t h a t  t h e  condensed 
water must be i n  t h e  form of i c e .  It may be seen t h a t  f o r  t h i s  model, 
t h e  lower concen t r a t ion  r e s u l t s  i n  condensation only  above 75 km, 
whi l e  t h e  h igher  concen t r a t ion  permits  c louds t o  form a s  low as 60 lm. 
Water vapor mixing r a t i o s  lower than  t h e s e  would not  cause s a t u r a t i o n  
a t  l e a s t  no t  a t  t h e  l e v e l s  (T -225'~ t o  250'~) where the  cloud i s  
be l i eved  t o  be loca t ed .  
3 . 7  Summary 
Prel iminary eva lua t ion  of t he  hypothesis  t h a t  t h e  Venusian 
clouds a r e  made of H 0 l e ads  t o  a p o s i t i v e  answer i f  the  water  vapor 2 
content  is  a s  h igh  a s  t h a t  measured by t h e  Russian spacec ra f t  Venera 4, 
5 and 6. We p lan  f u r t h e r  a n a l y s i s  u s ing  temperature p r o f i l e s  based upon 
our  thermal equi l ibr ium c a l c u l a t i o n s  f o r  d i f f e r e n t  l a t i t u d e s .  Also, t h e  
discrepancy between the  i n f r a r e d  water  vapor observa t ions  and t h e  space-  
c r a f t  observa t ions  must be reconci led .  
AUITUDE, km ABOVE RADAR SURFACE 
FIa2IRE 7 .  Water vapor partial pressures required for condensation compared 
to partial pressures corresponding to 0.1% and 0.2% water vapor. 
4 .  
During the  next q u a r t e r l y  per iod ,  i t  i s  planned t o  i n t e g r a t e  the  
r e s u l t s  of our t h e o r e t i c a l  c a l c u l a t i o n s  of Venusian temperature wi th  
t h e  a v a i l a b l e  observa t ions ,  t o  synthes ize  a model of the  Venusian 
temperature c l imate .  
We p lan  t o  cont inue t h e  a n a l y s i s  of t h e  hypothesis  t h a t  t h e  Venus- 
i a n  clouds a r e  H 0 by comparing observed water  vapor concent ra t ions  2 
w i t h  s a t u r a t i o n  condi t ions  f o r  temperature p r o f i l e s  we have computed 
f o r  va r ious  l a t i t u d e s .  
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